Null and X-points of magnetic fields are places at which magnetic field lines with fundamentally different topologies approach each other arbitrary closely before separating by a distance set by the overall size of the configuration. Even in a collision-free plasma, magnetic field lines can change their topology on a scale c/ωpe due to electron inertia. On a time scale set by the shear Alfvén wave these effects can spread all along the field lines that come within a c/ωpe distance near a null or an X-point. Traditional reconnection theories made the assumption that the reconnected magnetic flux had to be dissipated by an electric field. This assumption is false in three dimensional systems because an ideal evolution can spatially mix the reconnected flux. This reduces the required current density for reconnection to compete with evolution from being proportional to the magnetic Reynolds number Rm to being proportional to ln Rm. In three dimensional space, null and X-points are shown to have analogous effects on magnetic reconnection.
I. INTRODUCTION
In toroidal plasmas, such as axisymmetric tokamak plasmas, magnetic evolution is peculiar at Xpoints, Figure (1 ). An X-point has three properties: (1) The magnetic field line that passes through the X-point closes on itself. Every point along that field line is an X-point, so an X-point is in reality an X-line. ( 2) The field lines that pass close to an X-point are of different topological types. The separatrix that connects X-points, Figure (1), encloses magnetic field lines, the interior field lines, that have a fundamentally different topology from those outside the separatrix, the exterior field lines. ( 3) The magnetic field lines that pass close to the X-line at one location separate from the X-line exponentially with distance along the line. In axisymmetric tori, the number of exponentiations in separation has an upper bound, as in the case of a divertor of an axisymmetric tokamak. When the distance of closest approach of a line to the X-line is δ, the maximum number of exponentiations is ≈ ln(a/δ) where a is the minor radius of the torus. An exponentially increasing separation of neighboring magnetic field lines naturally leads to magnetic reconnection [1, 2] . Electron inertia implies a scale δ 0 ≥ c/ω pe always exists such that all field lines that pass within the distance δ 0 of the X-line can be assumed to reconnect on the time scale required for a shear Alfvén wave to propagate over the region covered by those magnetic field lines, whatever the speed of evolution of the overall magnetic field.
In naturally occurring plasmas, the existence of magnetic field lines that close on themselves seems highly unlikely. Nonetheless, almost any evolution in three spatial dimensions leads to exponentially separating magnetic field lines and to Alfvénic reconnection [2] no matter how close the plasma may be to giving an ideal magnetic evolution ∂ B/∂t = ∇ × ( u ⊥ × B). The interpretation of u ⊥ is the velocity of ideally evolving magnetic field lines [3] .
Traditional reconnection theory makes the erroneous assumption that the part of the magnetic flux that is reconnecting, ψ p , must be dissipated by the electric field along the magnetic field lines,
which is generally the case in two dimensions. In three dimensions, an ideal evolution can mix the flux ψ p , which is the poloidal flux in toroidal geometry, The current density need not be large to cause magnetic field lines to exponentiate apart; it needs to increase only linearly in the number of exponentiations [4] . The magnetic Reynolds number is R m = u ⊥ τ η /a where the overall size of the system across the magnetic field is a and the resistive time scale is τ η = µ 0 a 2 /η. When resistivity is the dominant non-ideal effect, the parallel current must reach a value j || ≈ j c ln R m to give sufficient exponentiations [4] for reconnection to balance the flow of the field lines, where j c = B r /µ 0 a is the characteristic current density associated with the reconnecting field, B r . The traditional assumption, Equation (1), implies the current density must reach a value j || ≈ j c R m to have reconnection compete with the flow velocity u ⊥ .
Schindler, Hesse, and Birn [5] gave the traditional view of magnetic reconnection that even in three dimensions the reconnecting magnetic flux must be dissipated, Equation (1) . But, this is not required in three dimensions. In an ideal evolution, flux can not be dissipated, but the reconnecting flux, ψ p , can be spatially mixed. The discussion is simpler in toroidal geometry, as in a tokamak disruption. In an ideal evolution [6] , the poloidal ψ p and the toroidal ψ t magnetic fluxes are tied together ∂ψ p (ψ t , t)/∂t = 0, but the position vector x(ψ t , θ, ϕ, t) can become extremely complicated in (R, ϕ, z) cylindrical coordinates as time advances, Figure 2 . The poloidal flux [6] is the Hamiltonian for magnetic field lines, dψ t /dϕ = −∂ψ p /∂θ and dθ/dϕ = ∂ψ p /∂ψ t . When x(ψ t , θ, ϕ, t) becomes sufficiently complicated, field lines that are very close at some points along their trajectories can be exponentially more distant at others. The field-line connections can then be changed by an exponentially small non-ideal modification, ψ p (ψ t ) → ψ p (ψ t , θ, ϕ, t), to produce a large region of stochastic field lines. Mixing can not destroy the poloidal flux, which has the implication that the magnetic helicity, A · Bd 3 x, is conserved. Equivalently, when reconnection takes place to produce stochastic magnetic field lines that cover a region ψ t < Ψ t , the integral of the poloidal flux over that region Ψt 0 ψ p dψ t dθdϕ is conserved [7] in the R m → ∞ limit.
An important question is whether null points of a magnetic field,
y + B 2 z = 0, have special reconnection properties. A line along which B 2 = 0 can be removed altogether or broken into point nulls by an arbitrarily small perturbation, so isolated point nulls is the only case of any practical importance. As will be shown null points have reconnection properties related to X-lines.
In 1988, John Greene noted [8] the close relationship between X-points, which are connected by a separatrix, and nulls, which are connected by separators: "the role of the separatrix is played by a line of force that connects two isolated nulls." The geometry of separators was discussed in 1990 by Lau and Finn [9] . The role of separators in reconnection was the subject on a 1993 paper by John Greene [10] . David Pontin [11] and Eric Priest [12] have reviewed the theory of magnetic reconnection in the presence of nulls. The focus of the literature on reconnection with nulls is on the formation of a singular current density, j ∝ R m , which was thought to be necessary to have a rapidly reconnecting field in the limit R m → ∞. But, the current density need increase only as ln R m , and the properties of magnetic fields near null points must be placed in a somewhat different form, Section II, to make their relation to X-points explicit. In plasmas of common interest 10 6 = e 13.8 < ∼ R m < ∼ 10 14 = e 32.2 . It might be noted that the size of the universe is ≈ 10 24 km while c/ω pe ≈ 10 km in the interstellartor medium within galaxies, so an effective magnetic Reynolds number greater the 10 23 = e 52.9 is difficult to imagine.
The magnetic field lines that lie in the interior of the region enclosed by a separatrix or separator, the interior lines, have a fundamentally different topology from those outside, the exterior lines, Figure (1) . The evolution properties of interior and and exterior lines are distinct. When the interior magnetic field lines are embedded in a near ideal plasma, the exterior lines may be unable to carry a steady current because they intercept an insulator or the time required for information about their connections may be far longer than the time scale for the evolution of the magnetic field in the enclosed region. Infor-mation on field line connections propagates at the shear Alfvén speed along the magnetic field lines. The rapid reconnection that can occur over the region in which field lines come within a distance c/ω pe of an X-point makes it impossible for separatrices to prevent Alfvénic reconnection by themselves.
The peculiar role of X-points in the evolution of toroidal plasmas was recognized in 1975 by Grad [13] . Simulations of evolving toroidal plasmas, especially plasmas of very large aspect ratio, could clarify effects associated with differing responses of plasmas interior and exterior to a separatrix including the implications of very long Alfvén transit times. Very restricted simulations of this type have been carried out for tokamak plasmas [14] , but a comprehensive study has never been a focus.
II. NULL AND X-POINT PROPERTIES

A. B near a null
The magnetic field sufficiently close to a point null has the general form
B c /a is a characteristic magnetic field strength divided by a characteristic spatial scale, j 0 is the current density at the null, Q is a quadrupole constant, and x = xx+yŷ+zẑ is the position vector in a Cartesian coordinate system with its origin at the null. The Cartesian coordinates are assumed to be oriented to eliminate the three cross terms in the scalar potential for the curl-free part of B. In other words, the directions defined by the unit vectorsx,ŷ,ẑ are assumed to have been rotated through the three Euler angles to null the three cross terms. In spherical coordinates, the normal magnetic field to a sphere around the null that has a radius r → 0 is
The current density at the null j 0 does not modify the normal field. The spine of the null is located at θ = 0, π and the fan at θ = π/2. When |Q| < 1, all the field lines in the fan move in the opposite direction relative to the null as do the field lines in the spine.
B. The electric potential at a null
The electric potential at the null is a constant Φ 0 and is determined by the condition that no net current enter or leave the null, j 0 ·r sin θdθdϕ = 0, which is equivalent to ∇ · j = 0 there. The ∇ · j = 0 condition holds throughout plasmas of common interest, Section 8.1.3 of [15] .
C. Ohm's law
A general Ohm's law has the form E + v × B = R, where v is the plasma velocity [5] . In non-relativistic theory, which is used in this paper, R is the electric field in a frame that moves with the plasma. Let Φ be a solution to B · ∇Φ = − B · R − E ni B, where E ni is constant along each magnetic field line. Define a velocity perpendicular to the magnetic field u ⊥ by
The distance along a magnetic field line is , and
where both integrals are calculated using the same limits of integration. The integration limits can be (1) → ±∞ as on the irrational magnetic surfaces of a toroidal plasma, (2) a wall on which Φ has a specified value, such as Φ = 0 on a perfectly conducting grounded wall, or (3) the potential Φ 0 on the infinitesimal sphere surrounding a null. The discussion of Equation (16) in [16] implies an isolated null has a well defined velocity through space. An ideal evolution is inconsistent with a change in the quadrupole coefficient Q. As shown in [16] , a change in Q produces a logarithmically singular magnetic field line velocity. This inconsistency arises from the change in the ratios of the magnetic fluxes associated with the normal magnetic field on a small sphere around a null, Equation (3) , that are associated with magnetic field lines of differing topology. A change in the coefficient B c /a modifies only the magnitude of the magnetic field, which can occur in an ideal evolution. Faraday's and Ampere's Laws imply B·∂ B/∂t = −µ 0 j · E − ∇· B 2 E× B B 2
. The first term on the righthand side is the transfer of energy out of the field, j · E = u ⊥ · ( j × B) + E ni j · ∇ and the second term is the change in B 2 due to compression of the field. Only terms involving E ni produce a non-ideal magnetic evoluton.
The presence of null points does not itself intrinsically change the nature of reconnection but a null point is a special case of an X-point and X-points generally do-even an X-point in an axisymmetric tokamak.
III. SUMMARY
Both X-points and null points represent places where magnetic field lines of fundamentally different topologies and, therefore, evolution properties come arbitrarily close to one another with other points on their trajectories separated by distances comparable to the overall system size. Electron inertia prevents even a collision-free plasma from constraining reconnection on distance scales smaller that c/ω pe , which implies field lines with fundamentally different topologies can not be prevented from reconnecting on that scale independent of the ideality of the plasma. The effects spread along the magnetic field lines that are reconnected at the shear Alfvén speed.
The traditional assumption that reconnection requires the dissipation of the reconnected flux, Equation (1), implies that reconnection is a competitive process with the ideal evolution only when the maximum current density is proportional the magnetic Reynolds number R m . In three dimensions, magnetic flux is spatially mixed [7] even in an ideal evolution by the exponential separation of neighboring magnetic field lines [2] . The implication is that reconnection becomes competitive when the current density is proportional to ln R m . Flux mixing conserves magnetic helicity [7] , so helicity conservation is intrinsic as R m → ∞.
Equation (2) is the general expression for the magnetic field near a point null. Studies of nulls often set the quadrupole coefficient to zero, but this coefficient is of central importance since it is the one coefficient that cannot change in an ideal evolution.
